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INTRODUCTION
Mn-Zn nano-ferrites possess excellent magnetic and electric properties, in particular, high permeability, high saturation magnetization, high resistivity and low power loss [1] [2] [3] [4] . A lot of emphasis has been given to study the properties of rare earth ion substituted Mn-Zn ferrites as potential candidates for use in magneto-optical devices that require high saturation magnetization, high coercivity and high anisotropy constant [5] . In particular, the substitution of Sm 3+ ions at the Fe 3+ site are known to produce very interesting physical and chemical properties in spinel ferrites [6] [7] [8] [9] [10] [11] . In view of the wide potential for technological applications such as, wide band microwave absorption [12] , magneto-acoustics [13] , magneto-caloric pumping [14, 15] , temperature sensitive ferrofluids [16] , heat-exchange devices [17, 18] and rare-earth doped
Mn-Zn ferrite pyromagnetic applications [19, 20] , the Sm-substituted Mn-Zn ferrites are chosen in the present study. Furthermore, rare earth ion substituted ferrites can be synthesized by several methods such as solid state reaction route [12] , chemical co-precipitation method [21] [22] [23] , hydrothermal method [24, 25] , sol-gel synthesis [26, 27] , spray pyrolysis [28] and citrate precursor method [29] . However, most of these methods are economically infeasible for large scale production of ferrites. The solution combustion method, also known as propellant chemistry method, is advantageous due to its simplicity, short reaction time and inexpensiveness.
Unlike solid state synthesis route, this method can produce fine, homogeneous crystalline powder with an added advantage of lower consumption of energy and elimination of intermediate calcination stages during synthesis [30] . Therefore, in the present investigation we have adopted propellant chemistry route [31] to obtain nanosized Sm-substituted Mn-Zn ferrite nano-particles.
A detailed investigation on the influence of Sm O 6 )] in the ratio 3:2 was taken as fuel. An equimolar ratio of oxidizers to fuel was taken based on the oxidizing and reducing valencies of the compounds [31] . The mixture of fuels is taken for increased exothermicity and completion of the reaction, which can be understood on the basis of chemical reactions involved during the process [32] . The metal nitrates and fuels were dissolved by using a magnetic stirrer for one hour, until the formation of homogenous solution. This homogeneous solution was taken in a Pyrex dish and kept in a pre-heated muffle furnace maintained at 450 ± 10 °C. Initially, the solution boiled and subsequently frothed to yield fine powder. The combustion process completed within 20 min. The obtained samples were then ground properly and characterized.
M A N U S C R I P T A C C E P T E D
Characterizations
X-ray diffraction and Rietveld refinement
The Mn 0.5 Zn 0.5 Fe 2-y Sm y O 4 samples with y = 0, 0.01, 0.03 and 0.05 were characterized by powder X-ray diffraction using "PANalytical X'Pert Pro MPD" diffractometer (Cu-K α radiation, Ni filter). The diffraction data ( Fig. 1(a) ) were recorded in the detector angle (2θ) range of 10-
80° with a step size of 0.02°. The crystalline phases in the samples were identified by referring to the Bragg positions and their relative intensities. The structural and compositional details of the phases in each sample were extracted by the Rietveld refinement of the respective XRD data.
The Rietveld refinement was performed using the program "FullProf" [33] . The information required for the starting model for the refinement such as crystal structure, atomic co-ordinates and initial cell parameters were taken from crystallographic information files (CIF) from
Inorganic Crystal Structure Database (ICSD). Instrumental error corrections were considered during the least square fitting of the XRD pattern. For refinement, Thomson-Cox-Hastings profile was adopted. The lattice parameters, scale factor, full width at half maximum (FWHM) of the Bragg reflections were refined. The quality of fit to the observed XRD patterns were assessed by the Rietveld agreement (reliability) factors: R-pattern factor (R p ), R-weighted pattern factor (R wp ), R-expected (R exp ) and χ 2 [34] . The refined lattice parameters and occupancy factors of cations in the cubic spinel interstitials were obtained. The crystallite size and lattice strain were estimated using Williamson-Hall method [35] . The Rietveld refined XRD patterns are shown in Fig. 1 . The refined parameters and the agreement factors are given in Table I and the cation   occupancies are listed in Table II .
Electron Microscopy
Fig . 4 shows the SEM images of the analyzed samples taken using "Ultra 55 Scanning
Electron Microscope" with electron energy of 5 kV. The TEM images (Fig. 5) were taken by FETEM with electron energy of 200 kV. The particles sizes were measured using "ImageJ"
software. To obtain a size distribution histogram ( Fig. 5 ) a minimum of 50 particles were taken into account. The obtained average particle sizes are listed in Table I .
constant-acceleration Doppler velocity drive with 57 Co-source (Rh-matrix). The spectra were recorded by using a proportional counter. The velocity of Mössbauer drive was calibrated using α-Fe foil at RT, which gives an isomer shift of -0.106 mm/s relative to the 57 Co-source (Rhmatrix). The spectra obtained were least square fit using "NORMOS" program [36, 37] . The spectra after the least square fit are shown in Fig. 6 . Mössbauer spectral parameters such as isomer shift (IS), quadrupole splitting (QS), magnetic hyperfine field (B hf ) and spectral area were obtained and tabulated in Table III . All the isomer shifts are given with respect to the 57 Cosource (Rh-matrix). The distribution profiles of the magnetic hyperfine field parameters (B hf ) are plotted beside each Mössbauer spectrum.
FTIR spectroscopy
The FTIR spectroscopy is an important tool to probe various structural ordering phenomena, and this technique provides the information about the position of ions in the crystal and about the interatomic vibration modes [38] . The stretching and bending vibrations of bonded atoms, molecules or functional groups in the samples could be probed which gives important insights into structural and compositional order present in the samples. The absorption of specific wavelength IR radiation depends on the natural frequency of vibration of the functional group/moiety. The position and appearance of the absorption bands depend on the bond length, bond strength, and the mass/size of the atoms or molecules involved. The FTIR spectra for our samples (y = 0.0, 0.01, 0.03 and 0.05) were recorded in the wave number range 350-4000 cm -1 using "Agilent" FTIR spectrometer and are shown in Fig. 7 .
Vibrating sample magnetometry
The room temperature magnetization measurements were carried out by "PPMS-14T" vibrating sample magnetometer (VSM). The value of reduced remanence
anisotropy constant (K), magneton number (η B ), Yafet-Kittel angle (α Y-K ) and magnetic particle size (D m ) were calculated using the equations (1), (2a, 2b), (3), (4) and (5), respectively [39] .
Reduced remanence, a measure of the squareness of the hysteresis loop, is defined as:
where, M r and M s are the remanent and saturation magnetizations, respectively. According to the Stoner-Wohlfarth model for non-interacting 3D-random ferromagnetic particles, the reduced remanence is given by S = 0.5 for uniaxial anisotropy, and S = 0.832 for cubic anisotropy [40] .
Furthermore, the anisotropy constant in these particles is related to the coercive field (H c ) and the saturation magnetization (M s ) according to the following relations.
The anisotropy constant (K) for the non-interacting ferrimagnetic particles with uniaxial anisotropy 985 . 0
and, with cubic anisotropy 64 . 0
The value of H c is calculated by measuring -H c to +H c and averaging the value.
Magneton number (η B ) is the magnetic moment of a ferrimagnetic material in units of Bohr magneton (µ B ). The magneton numbers for our samples were calculated using the formula below.
Magneton number:
where, M W is molecular weight of the compound in g, M s is the saturation magnetization in emu/g, N A is the Avogadro number and µ B is value of one Bohr magneton in emu.
interaction will make a triangular (canted) spin arrangement at the B-site. We have used the following formula [40, 41] to calculate the Yafet-Kittel (spin-canting) angle.
Yafet-Kittel angle:
where, M A and M B are the effective magnetic moments of tetrahedral (A) and octahedral (B) siteions, respectively (see Table II ).
Since our ferrimagnetic particles behave super-paramagnetically, we have used the following formula to estimate the magnetic particle size.
Magnetic particle size:
where, the values of the initial magnetic susceptibility, χ i = (dM/dH) H→0 , for each sample was calculated by the initial straight line region in the slope of the M-H loop, k B is Boltzmann constant, T is the experimental temperature in absolute scale and ρ is the density obtained from the Rietveld refinement (X-ray density).
RESULTS AND DISCUSSION
Structure and Morphology
Rietveld refinement of XRD data
The Rietveld refinement performed on the XRD data of selected samples with Sm [43, 44] . The average crystallite size and lattice strain calculated by using Williamson-Hall method (Table I) showed that the crystallites in our Mn-Zn ferrite sample were nanosized (~17.5nm). Hence, the observed lower lattice parameter for nanocrystalline Mn-Zn ferrites is in accordance with the literature values [43, 44] . Furthermore, we found that the undoped sample, For the Sm-substituted (y = 0.03 and 0.05) samples, the lattice parameters (Table I) showed an appreciably lower value when compared to the unsubstituted (y = 0.0) sample. The with Sm 3+ content in the sample is shown in Fig. 3 and tabulated in Table I . The maximum error in the estimation of lattice parameter can be in the fourth decimal value.
. The average crystallite size, evaluated by Williamson-Hall method, was found to decrease with Sm 3+ content. The values of lattice strain were ranging between 0.9-1.0 × 10 -3 with an increasing trend with Sm 3+ content. We understood that the substitution of Sm 3+ in B site might have resulted in increased lattice strain inhibiting the crystallite growth.
From the fit to each Bragg reflection in the Rietveld refined XRD pattern, it can be noticed that there exists an ill-fit to the upper regions of the peaks throughout the pattern (Fig. 1 ).
This has repercussions resulting in high value of R-factors (agreement factors) listed in Table I .
This misfit may be due to the existance of a wide particle size distribution. To estimate the minimum and maximum crystallite sizes in the sample, the most intense (311) peak, where this
ill-fit is more evident, was considered. The (311) peaks of individual patterns was fit by two pseudo-Voigt functions as shown in Fig. 2 . The FWHM of each pseudo-Voigt plot was taken during the maximum and minimum average crystallite size estimation by Scherrer method. The obtained minimum and maximum average particle sizes are listed within the square brackets in Table I .
Electron Microscopy (SEM and TEM)
The SEM micrographs (Fig. 4) of the samples show highly porous structures. The structures seem to contain a lot of defects. The appearance of the dry foamy powder is due to the evolution of the gases during the combustion process. As the particle sizes could not be determined from these pictures, we have performed the TEM investigation. The TEM images ( However, the observed differences in the absolute values of the average particle sizes could be arising due to the volume occupied by the bigger particles within the experimental volume is large, although the number of such particles is small. This leads to the sharper lines in the XRD (bigger average particle size) but the average number of small particles is more (as seen by TEM).
Mössbauer spectroscopy
The Mössbauer spectra of all the Mn 0. (A-B interaction) . Thus, the magnetic hyperfine field distribution seen in Fig. 4(a) (Table III) [51, 52] . For each sample, the rest of the spectrum was consistently fit by a distribution of sextets as given in Fig. 6 . From the probability distribution, P(B hf ), (area under the Zeemann split sextet distribution, Fig. 6 and Table III) , it can be observed that the average value of B hf (<B hf >) decreases with increase in Sm content in the samples. For the sample with y = 0.01 ( Fig. 6(b) ), the spectrum fit by distribution of sextets and a single doublet, in a manner similar to that of Mn 0.5 Zn 0.5 Fe 2 O 4 (y = 0.0) sample, showed that the intensity of the sextet distribution decreases by Sm-doping. The peak values of P(B hf ) (Table III) 
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For the sample with y = 0.03, the reduced magnetic ordering (area under the sextet distribution in Fig. 6(c) (Table I) .
Surprisingly, the width of the sextet distribution which appears as a doublet was found to increase for sample y = 0.05 in comparison to the sample with y = 0.03. Simultaneously, the rate of decrease of the spectral area under the doublet considerably reduced (Table III) . The origin of this behavior is explained as follows. It is well known that introduction of Sm 3+ results in hard magnetic property [53] , although there are reports on reduced magnetic anisotropy. The magnetic anisotropy enhancement/reduction due to Sm 3+ doping depends on the type and position of other cations in the lattice. For all the samples, we have observed the enhancement of magnetic anisotropy [11] with increasing Sm concentration in vibrating sample magnetometry studies (see section 3.4). Thus, we attribute the broadening of the central doublet with Sm concentration to the enhancement of hard magnetic behaviour due to the pinning of magnetic moments in the sample which appears as a re-entrant magnetic ordering.
To emphasize, a superparamagnetic doublet was observed in addition to a (fixed width) crystalline quadrupole doublet in the Mössbauer spectra of all samples ( Fig. 6 and Table III ). The
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15 average magnetic hyperfine field <B hf > was seen to decrease with increasing Sm-content, suggesting the increase in superparamagnetic behaviour of the nanoparticles. However, for the sample with y = 0.03 and 0.05, the nearly constant <B hf > (Table III) 
FTIR Spectroscopy
Infrared spectra of all the samples (Fig. 7) showed two prominent absorption bands, one (ν 1 ) at ~540 cm -1 attributed to the stretching vibration of tetrahedral complexes and the other (ν 2 )
at ~390 cm -1 assigned to the vibration of octahedral complexes. The difference in frequencies between ν 1 and ν 2 is due to the changes in co-ordination number and bond length (Fe 3+ -O 2-) at tetrahedral and octahedral sites [38, 54] . The slight variation in band intensity from sample to sample may be related to the sample preparation conditions (for the FTIR measurement) and also to the particle size distribution (Fig. 2, 5 ). The band position ν 1 was almost invariant with respect to Sm 3+ substitution. This supports the XRD result that Sm 3+ ions occupy the octahedral (B) sites [55] . It can be seen that the absorption band ν 1 does not show any splitting (shoulders) and hence, the possibility of Fe 2+ ions at the A-sites is ruled out [54] . On increasing the substitution of the Sm 3+ ions, ν 2 should shift slightly towards lower frequency side due to the larger atomic mass and volume of the (Sm 3+ ) dopant in comparison to the (Fe 3+ ) host, which affects the effective reduced mass on octahedral sites, and hence, the band position. However, due to the limitations of our FTIR spectrometer in observing absorption bands below 400 cmM A N U S C R I P T
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are noisy and no conclusive evidence regarding the occupancy of Sm 3+ at the octahedral site was obtained.
The peaks observed at ~1300-1700 cm -1 are due to the presence of after combustion carbonaceous residue. The peaks around 2380 cm -1 and ~3300 cm -1 are attributed to the atmospheric CO 2 and -OH stretching vibrations (moisture), respectively. The remanent magnetization (M r ) values extracted by the intercept of M-H loop on the magnetization axis are listed in Table III . It can be observed that the M r values were not varying monotonically with Sm-content in the samples. The M r value for the sample with y = 0.01 was the lowest, which suggests that a slight doping of the Sm 3+ ions the sample shows "higher" superparamagnetic-like behaviour. Higher superparamagnetic behaviour means that the particleparticle interaction becomes negligible. This is also evidenced from the comparison between the Mössbauer spectra of the undoped Mn 0.5 Zn 0.5 Fe 2 O 4 sample ( Fig. 6(a) ) with the Sm-doped (y = 0.01) sample (Fig. 6(b) ). Here, the area under the broad Zeeman split sextet in Fig. 8(a) decreases dramatically and it gives rise to the superparamagnetic-doublet-like spectrum in Fig.   6 (b). Quantitatively, the average magnetic hyperfine field <B hf > decreases from 24.3 T to 13.0 T (Table III) . It was surprising to observe that the M r values of the other samples (y = 0.03 and 0.05) are higher, although the saturation magnetization decreases with increasing Sm-content (y).
Magnetic properties
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Simultaneously, the Mössbauer spectra showed progressive increase in area under the "superparamagnetic-doublet" at the expense of the Zeeman split sextet. Note that this effect is combined with the decrease in particle size and also saturation magnetization.
To understand this aspect better, we considered the quantity "reduced remanence (S)" which is the ratio between M r and M s values (Eq. 1) of respective samples. Interestingly, as anticipated, the value of the reduced remanence was found to be the lowest for y = 0.01 sample and it is higher for higher Sm-doping. However, as observed from Mössbauer spectroscopy, all the samples are superparamagnetic in the Mössbauer spectroscopy time scale of 10M A N U S C R I P T
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observed S values originated only from the higher superparamagnetism (due to decreased particle size and reduced particle-particle interaction), we would have observed a monotonic decrease in S. Hence, we expect that the observed effect is dominated by the surface pinning and the change in intrinsic magnetic anisotropy of the particles due to Sm-doping.
According to Stoner-Wohlfarth model, the reduced remanence (S) of an assembly of noninteracting magnetic particles is given by 0.5 for samples with uniaxial anisotropy and 0.832 for samples with cubic anisotropy [39] . In our samples, the observed values of S for the samples with y ≤ 0.01 are below 0.5 (Table IV) type. It is interesting to note that there is a transition from uniaxial anisotropy to cubic anisotropy by doping higher amount of Sm 3+ at the B-site of Mn-Zn ferrite. As the particle size goes on increasing one should expect to observe an increase in superparamagnetic nature and decrease in the S value. We believe that the observed transition is related to the magnetic anisotropy developed due to Sm-doping. Hence, we have taken Eq. 2(a, b) in the calculation of anisotropy constants (K c and K u ).
Furthermore, in particulate systems, the coercive field (H c ) can be originated due to two reasons: (i) inter-particle interactions, and (ii) intra-particle interactions. The intra-particle interactions can be due to surface pinning and bulk magnetocrystalline anisotropy (spin-orbit interaction). From the values of S in our samples, the shape of the hysteresis loops and the Mössbauer spectra, it can be inferred that there exist both inter-and intra-particle interaction. The sample with y = 0.0 exhibits very narrow hysteresis loop revealing the soft magnetic behaviour with very weak inter-particle interaction. We expect that these inter-particle interactions for the Sm-doped samples are very weak too and that gradually decrease with increasing Sm-doping and M A N U S C R I P T
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it can be neglected for higher Sm-doped samples. However, in the hysteresis loops of the Smdoped samples, the coercive field values are found to increase with increasing Sm 3+ concentration (Table IV) for y ≥ 0.03, although the particle sizes were found to decrease monotonically (section 3.1). Hence, we expect that the observed behavior is due to pinning of the magnetization at the surfaces of the particles and at the higher amount of magnetic-defects created by increase in Sm-content.
The variation of H c with particle size can be explained on the basis of domain structure and magnetic anisotropy of the crystallites. The particle size reduction with increasing Sm (Table I) . With the decrease of particle size, the surface to volume ratio increases and surface effect may induce a spin disorder in the surface layer that causes the spin-pinning to increase with decreasing particle size and in turn, with increase of Sm 3+ content. However, it seems that for small amount of Sm-doping (y ≤ 0.01), the superparamagnetic effect (decreased particle-particle interaction), is enhanced. As the Smcontent increased, the spins within the particles were more strongly pinned than the negligibly weak particle-particle interaction, which enhances H c . The particle-particle interaction is shielded by the pinning due to surface defects.
In our samples, the expected contribution to H c due to intra-particle interaction is high.
As discussed earlier, the contribution to H c from surface pinning effects and from magneto- anisotropy barrier (E A ) increases which requires higher external magnetic field for spin reversal.
In pure Mn-ferrite, the magneto crystalline anisotropy is due to the presence of Mn 2+ ions at the tetrahedral (A) sites of the spinel structure. (Table IV) (Table III and Fig. 6 ). The increase in coercivity with Sm 3+ ion concentration is due to an increased magnetic anisotropy resulting from the pinning of the spins of the Mn 2+ and Fe
3+
ions at the Sm 3+ site. Considering the increase in H c , the decrease in η B and decrease in particle size with increase in Sm 3+ content suggests that there exists an effective anisotropy due to pinning of the spins which shields the magnetization of the core of the particle from particleparticle interaction which makes the particles more superparamagnetic and the anisotropy appears to be of cubic anisotropy type. Furthermore, as the Mössbauer spectroscopy results depend neither on the particle size nor on the spin glass structure, they suggest the pinning of magnetic moments is due to the magnetic defect created by the presence of Sm 3+ ions.
The variations of all the parameters (η B , H c , S and K) with Sm 3+ content in the samples extracted from the hysteresis loops can be observed from Table IV . In order to realize the presence of magnetic defects due to Sm-doping, we have calculated the magnetic particle sizes by using Eq. 5. They are listed in Table IV and plotted in Fig. 9 . To visualize the magnetic M A N U S C R I P T
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pinning induced in the samples due to Sm-doping, we plotted the magnetic hyperfine field (B hf ), average crystallite size (<d>), magnetic particle size (D m ) and spectral area under the sextet distribution observed from Mössbauer spectra, against the Sm-content 'y' (Fig. 9) . (Fig. 6 ).
CONCLUSION
Samarium substituted Mn-Zn ferrites were successfully synthesized by propellant chemistry route using a mixture of fuels (urea and glucose). The effect of Sm 3+ ion substitution on the structural and magnetic properties of these ferrites was studied at room temperature. The X-ray diffraction revealed that all the samples were mono-phased with cubic spinel structure.
The crystallites were in nano-size regime. The average crystallite size decreased with increasing Sm concentration. The position of absorption bands in FTIR spectra confirmed the formation of cubic spinel ferrite. The Sm-substituted Mn-Zn ferrite particles showed enhanced hard ferrimagnetic nature with increasing Sm-content. The value of saturation magnetization was found to decrease, but, the coercivity increased with Sm-content. Also, the magnetic particle size and magneton number were found to decrease gradually with the increase in Sm 3+ concentration.
The paramagnetic-like Sm 3+ ion substitution in octahedral site reduced the exchange interaction between A and B sites that resulted in decrease of saturation magnetization. Furthermore, M A N U S C R I P T
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Mössbauer spectroscopy results suggest the existence of local disorder in the arrangement of cations in the sub-lattice of samples. Also, the pinning of magnetic moments was found to be solely due to Sm 3+ ions with related effects arising from particle size variation. These observations in our sample suggest that the synthesized ferrites can be potentially used in applications involving a wide range of frequencies. 
